I. INTRODUCTION
The most widespread machines used for wind energy are of the Doubly-Fed Induction Machine (DFIM) type [1] . There are several advantages in using a variable speed system over other machine configurations which include: increased turbine energy capability; reduced stresses on the mechanical structure and diminished acoustic noise [2] .
DFIMs are typically controlled through vector control which requires information about the rotor angular position and speed which is usually provided via a speed sensor. Moreover the latter is usually fragile and requires extra electronics for operation. The aim of sensorless algorithms is to provide a speed estimate using a kind of speed observer. The advantages of sensorless techniques include improved system reliability, robustness and reduction in cost [3] . The Model Reference Adaptive System (MRAS) is a model-based sensorless technique which can be implemented on most vector controlled DFIM setups without the need for additional hardware.
This paper aims to simulate a DFIM Stator Field Orientation (SFO) vector control environment with a MRAS. The experimental set-up including the DFIM, whose parameters are shown in Table II and on which sensorless techniques were implemented is shown in Fig. 1 [4] [5] [6] . 
II. MRAS OBSERVER DESIGN
The MRAS mathematical model is based on the work of Schauder [7] and its adaptation to the DFIM is discussed in Cardenas et al. [8] [9] [10] . The MRAS observer is shown in Fig. 2 and is based on two models:
The voltage model is expressed as:
Current model is expressed as:
Where ‫ݒ‬ ௌ ഀഁ and ݅ ௌ ഀഁ are the stator voltage and current in the stationary Įȕ-frame, ܴ ௌ is the stator resistance, ‫ܮ‬ ௌ is the stator self-inductance, ‫ܮ‬ ை is the mutual inductance and ߠ ோ is the estimated rotor angle.
The reference and estimated fluxes are compared and an error term ߝ Įȕ-frame is calculated:
The error term ߝ is passed through a proportional integral (PI) controller as shown in Fig. 2 to yield the estimated rotor frequency ߱ ෝ ோ and rotor angle ߠ ோ . These estimates can be used to operate the vector control scheme replacing the speed sensor. The modelling of the MRAS system is discussed in detail in [8] , the authors also explain the tuning of the PI which was applied in the work presented here. Grid-connected operation is assumed with the magnetization current being supplied through both the stator and the rotor. The linearized plant seen by the PI controller is expressed as:
Where ߖ ௌ బ and ݅ ோ బ are the stator flux and rotor current at the operating point along the d-axis of the synchronous frame. Equation (4) shows the dependence of the plant on the flux and rotor current, in the MRAS observer the PI shall be designed to operate at full flux and rated load conditions. The PI controller was tuned such that a closed-loop bandwidth of ߱ ൌ ͵Ǥ ‫ݏ‪ܽ݀Ȁ‬ݎ‬ (6 Hz) and damping ratio ߦ ൌ ͲǤͷͷ were obtained.
III. STATOR FLUX VOLTAGE MODEL DESIGN
The voltage model in the MRAS observer as expressed in (1) requires the use of a pure integrator which in practice suffers from drift. This section analyzes the effect of the DC offsets on the ideal stator flux output from the voltage model and reviews various algorithms proposed in literature to compensate for this effect. These algorithms were modified to operate with a DFIM system. 
A. Analysis of the effect of DC offsets in the Voltage Model

B. Voltage model Band-pass Filter (BPF) Approximation
One typical solution applied in literature [8] [9] [10] to remove the DC offsets in the voltage model for a MRAS observer applied to a DFIM is to use a BPF to approximate the response of a pure integrator. Given that for a grid-connected DFIM the frequency of the stator voltages and currents is fixed to that of the supply such an approximation can be used.
A second order passive BPF was designed to approximate the pure integrator, with corner frequencies at ߱ ଵ ൌ ͷǤͲʹ ‫ݏ‪ܽ݀Ȁ‬ݎ‬ (0.8 Hz) and ߱ ଶ ൌ ͷǤͻͻ ‫ݏ‪ܽ݀Ȁ‬ݎ‬ (0.95Hz). Due to the nature of the frequency response of the second order band-pass filter, the corner frequencies should be as low as possible in order to minimize the difference in response from that of the pure integrator. The above design achieved the lowest frequencies at which no drift in the output of the voltage model. Although this paper only considers simulation of the system, this was confirmed on a 1.5 kW DFIM experimental setup (Table II) .
The frequency responses of the pure integrator and BPF approximation were analyzed at a frequency of 314.159 rad/s (50 Hz). The difference in the magnitude of the two responses is negligible however a difference in phase of ʹǤͲι was found with the above filter design. This phase difference will be reflected as an error in the rotor angle estimate.
C. Drift Compensator and DC offset Compensator (DDCOC)
Most techniques employed to eliminate DC offsets without introducing phase errors rely on the principle of correcting the input to the pure integrator through a feedback mechanism [11, 12] . In [11] the correction mechanism makes use of two compensators:
The compensators in [11] were developed for a standard induction motor for its Rotor Flux Estimator. In this paper the compensators were adapted for a Stator Flux Estimator as shown in Fig. 3 . In the flux drift compensator a voltage offset calculation is performed and fed back to the summation point in the same block. The voltage offset calculation is given by:
Where ߖ ௌଵ ೌೣ and ߖ ௌଵ are the maximum and minimum fluxes in ߖ ௌଵ ഀ and ߖ ௌଵ ഁ , and ο‫ݐ‬ is the time period between maximum and minimum points. The DC Offset Compensator [12] uses the output of the summation point in the Drift Compensator as shown in Fig. 3 in order to compensate any offset which is still present. This compensator calculates the voltage offset as shown below.
Where ݇ is the gain in the feedback path, ቚߖ ௌ ഀഁ ‫כ‬ ቚ is the magnitude of the ideal flux, ቚߖ ௌଶ ഀഁ ቚ is the magnitude of flux output from the integrator and ߠ is the stator flux angle. The voltage offset is fed back to the summation block prior to the integrator in the same block. The flux output from the DC Offset Compensator block is used as the output of the voltage model.
D. Proportional Integral (PI) Feedback Compensator
Another compensation technique using a flux feedback mechanism was developed in [13] . In this system, the DC the DC offset is eliminated by feeding back the stator flux at the output of the voltage model through a PI controller as shown in The suggested tuning parameters [13] 
, and ߱ is the minimum stator frequency. The optimum response observed via simulation are with ݀ = 4 and ߦ = 0.85 in agreement with the constraints suggested in [13] .
E. Modified Integrator Compensator
In [14] a modification to the pure integrator was derived using a different approach from the previous techniques as shown in [11] [12] [13] . A high-pass filter is applied in series with the pure integrator to eliminate the DC offset. Since the high-pass filter modifies the response of the pure integrator; the high-pass and pure integrator combination are multiplied by the inverse of the high-pass filter such that the resulting transfer function is equivalent to that of the integrator. The pure integrator, high-pass filter and inverse high-pass filter transfer function can be simplified into a low-pass filter form and written as:
Where 'u' and 'y' are the input and output of the low-pass filter, ߱ is the angular frequency and ߣ is a tuning constant. Integrating both sides in (14) with respect to time yields: The input to the modified integrator to be used in the stator flux voltage model as shown in Fig. 5 is:
Hence the flux outputs in the stationary alpha-beta frame can be expressed as:
IV. RESULTS
The simulations for the DFIM with MRAS observer for the various Stator Voltage Models discussed in section III were performed using Simulink© and MATLAB©. The synchronous frame reference currents for rated operation of the motor in Table II are ݅ ோ ‫כ‬ ൌ ʹǤͺʹ ‫ܣ‬ and ݅ ோ ‫כ‬ ൌ ʹǤ͵ͻ ‫.ܣ‬ The grid-connected DFIM is driven by a DC machine with an initial speed of 1500 rpm and its rated d and q current were applied at 0.5 s and 1 s respectively. The performance of the system was tested when sensorless control was enabled and also during speed demands which ramp down and up to 1000 rpm and 2000 rpm respectively. Since typical wind speeds in wind energy conversion systems (WECS) range from 1000 to 2000 rpm [15] the initial estimated rotor frequency of the MRAS observer was set to 1500 rpm.
Results with the BPF approximation are shown in Figs. 6 to 8. The MRAS observer is switched on at 2 s and the estimated angle and frequency are used for sensorless control at 3s. The actual and estimated shaft speeds are shown in Fig. 6 , the response of the synchronous frame currents is shown in Fig. 7 . The error between the actual and estimated rotor angle is shown in Fig. 8 . Fig. 12 , the response of the synchronous frame currents is shown in Fig. 13 and the error between the actual and estimated rotor angles is shown in Fig. 14 . 
V. COMMENTS AND CONCLUSIONS
The paper presented various model based sensorless algorithms for the sensorless control of a DFIM used in wind energy conversion. The different voltage methods were compared by analysis of the oscillations at steady-state in the speed and angle estimate. The voltage model based on the BPF approximation obtained the estimated speed shown in Fig. 6 which shows a speed transient from 1500 to 1000 back to 2000 rpm. This speed range was investigated since it's the most common in wind based systems. When the rotational shaft speed is constant at 2000 rpm, the error between the actual and estimated angles for the BPF approximation is constant at ͶǤͶͲ͵ι as shown in Fig. 8 . This angle difference will result in oscillations in the synchronous frame currents (Fig. 7) when the system is switched to sensorless mode of operation. In order to reduce the error in the estimated rotor angle, the BPF in the MRAS loop has to be replaced by voltage models which apply compensation techniques to reduce the error further.
The alternative voltage models using compensation were found to reduce the error in the rotor angle to a value close to 0°. The results for the DDCOC and the PI feedback compensator systems are shown in Fig. 11 and Fig. 14 respectively. These two techniques also introduced minor oscillations in the speed estimates (Table I) . These oscillations will be reflected in the rotor position estimate and consequently in the steady state synchronous frame currents. The transient response in the currents when switching to sensorless control is improved in all of the compensator based voltage models when compared to the BPF approximation as shown in Fig. 10 and Fig. 13 . From the studies carried out it was found that the estimated speed of the PI Feedback Compensator (Fig. 12 ) performed best at steady-state and achieved the smallest oscillations ( Table I ). The oscillations introduced in the d and q currents and in the error in the estimated rotor angle are also smallest for this technique. The drawback of the PI feedback compensator is the increased settling time introduced in the angle/speed estimates which results in a delay in the sensorless changeover.
All the alternative voltage models presented were shown to significantly reduce the error in the rotor angle when compared to the BPF approximation. It was found that for the optimum performance at steady state, the PI based system performed best, however if the system requires changing to sensorless operation in a shorter time, the Drift and DC Offset compensator can be applied with similar performance. 
